Diluted magnetic semiconductor heterostructure AlSb/InAs/ZnMnTe with 
giant Zeeman effect for two dimensional electrons in InAs 
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A new approach to the growth of diluted magnetic semiconductors with two dimensional electron 
gas in InAs quantum well has been developed. The method is based on molecular-beam epitaxy of 
coherent "hybrid" AlSb/InAs/(Zn,Mn)Te heterostructures with a III-V/II-VI interface inside. The 
giant Zeeman splitting of the InAs conduction band caused by exchange interaction with Mn 2+ ions 
has been proved by measuring the microwave radiation induced spin polarized electric currents. 

PACS numbers: 72.25.Fe, 73.21.Fg, 73.63.Hs, 78.67.Dc 



The concept of spin-based electronics demands semi- 
conductor heterostructures possessing high electron mo- 
bility, pronounced ferromagnetic properties and strong 
spin-orbit interaction (SOI)iii^ In particular, manganese 
doped diluted magnetic semiconductors (DMS) show- 
ing high Curie temperature and large Lande factor g* 
are in the focus of current research. While enhanced 
magnetic properties have been obtained in (Cd,MnTe)- 
(Ga,Mn)As-based heterostuctures, the SOI in these 
materials is rather small. Thus, realization of low- 
dimensional DMS structures based on materials which 
possess a strong SOI, e.g. InAs, becomes important. 
Most recently it has been demonstrated that the incor- 
poration of Mn into a heterostructure device containing 
an InAlAs/InGaAs quantum well (QW) leads to a two- 
dimensional hole gas£ In these structures the Mn ions are 
in close proximity to the InGaAs channel hosting the hole 
gas. While DMS hole systems with strong SOI have been 
realized and demonstrate very interesting magnctotrans- 
port properties^ the fabrication of InAs-bascd DMS with 
two-dimensional electron gas (2DEG) channels has been 
a challenge up until now. The 2DEG is characterized by 
a simple parabolic band structure and much higher mo- 
bility compared to that of the holes, even in Mn-doped 
DMS structures like (Cd,Mn)Te QW£ features making 
2DEG systems attractive for various applications. 

Here we introduce a novel concept to grow Mn modula- 
tion doped DMS structures with an InAs 2DEG channel. 
The structures were fabricated by means of molecular- 
beam epitaxy (MBE) growth of III-V/II-VI "hybrid" het- 
erostructures with the InAs QW following the recipes 
given in Ref. 0. The Mn layers have been inserted into 
the II- VI barrier at distance of 10 monolayers (ML) from 
InAs QW which is smaller than the magnetic length of 
2D electrons. To explore the magnetic properties of the 
2DEG we investigated spin polarized electric currents 
induced by microwave (mw) radiationi 7 -^ Our measure- 
ments show that hybrid AlSb/InAs/(Zn,Mn)Te QW are 
characterized by enhanced magnetic properties which can 
be changed by tuning of the spatial position of Mn-doping 
layer as well as by the variation of temperature. 
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FIG. 1: Composition and band structure of the investigated 
III-V/II-VI heterostructures with an InAs electron 2DEG 
channel. Right bottom panel shows the experimental setup. 



The structures were grown on (OOl)-oriented GaAs 
semiinsulating substrates at temperature of 280 °C. For 
the fabrication of AlSb/InAs/(Zn,Mn)Te heterovalent 
heterostructures with different designs of Mn-containing 
barrier we used two separated MBE setups. The first 
MBE (Ribcr 32P, France) was employed to obtain the 
III-V part consisting of the 0.2 /xm-thick GaAs and 2 /im- 
thick GaSb buffer layers capped with a 4 nm-thick AlSb 
barrier and a 15 nm-thick InAs QW (two last layers have 
common InSb-like interface). A (2.5 nm-GaSb/2.5 nm- 
AlSb)io superlattice was placed within the first third 
of the GaSb buffer to suppress propagation of misfit- 
induced threading dislocations. The II- VI parts of the 
heterovalent structures were deposited pscudomorphi- 
cally on the III-V part in the second two-chambers MBE 
setup (Semiteq, Russia) after the ex-situ sulfur chemi- 
cal passivation in a 1M Na2S ■ 9H2O solution of the top 
InAs layer. The coherent growth of ZnTe on InAs was 
initiated by simultaneous opening of Zn and Te fluxes 
onto a (2x4)As-reconstructured InAs surface annealed 
preliminary under an AS4 flux in the III- Arsenide cham- 
ber of the Semiteq's setup and transferred to the II- VI 
chamber through ultrahigh vacuum. Such technology re- 



2 



suits in a high quality coherent AlSb/InAs/ZnTc QW 
structures demonstrating the existence of a 2DEG and 
quantum confined photoluminescence.— According to X- 
ray photoelectron spectroscopy studies of the InAs/ZnTe 
heterovalent interface grown under similar conditions, its 
conduction band offset (~1.65 eV, see Ref. fToh is close 
to that for InAs/AlSb interface. As a result we obtain 
AlSb/InAs/ZnTc QW nearly symmetric for electrons but 
strongly asymmetric for holes, which facilitates hole es- 
cape to the Sb-based barriers even if some acceptors are 
introduced into the QW. 

To demonstrate that the incorporation of Mn leads to 
enhanced magnetic properties of InAs 2DEG we prepared 
two samples with MnTc insertions (samples #A and #B) 
and one reference structure of the same design but with- 
out Mn (#C). The structures have similar composition 
but differ essentially in the design of the II- VI barrier 
grown on top of the QW, as shown in Fig. [TJ In sample A 
we used 1 ML thick MnTe insertion separated from the 
InAs QW by 10 ML of non- magnetic ZnTe. Sample B has 
the same spacer, but in this structure instead of 1 ML 
of MnTe we have grown a 10 nm of Zno.9Mno.1Te with 
substantially smaller concentration of Mn per ML. In the 
last reference sample C no Mn atoms have been added 
and the II- VI barrier comprises ZnTe only. 

The 2DEG has the density n ~ lxl0 13 cm" 2 and the 
mobility fx ~ 5xl0 3 cm 2 /Vs at a temperature T = 4.2 K. 
In all investigated magnetic and non-magnetic samples 
mobilities are almost equal and much smaller than that 
in the AlSb/InAs/AlSb QW of conventional design. This 
fact indicates that the electron transport in hybrid struc- 
tures is governed mostly by the InAs/ZnTe interface, 
which seem to involve fluctuating electrical dipoles due 
to inhomogeneous distribution of In-Te and Zn-As bonds 
and scattering centers of various origin, while the scat- 
tering by Mn atoms is negligible. 

The setup used for the measurements of the mw- 
induced current is shown in Fig. [TJ To heat the 2DEG 
we applied linearly polarized microwave radiation of a 
backwardwavc oscillator (BWO) operating at frequency 
/ of 290 GHz or a Gunn diode with / = 60 GHz. The 
incident mw power, P, of about 2 mW was modulated 
at 330 Hz by means of a chopper or using a pin switch 
for the BWO and Gunn diode, respectively. Unbiased 
samples of 5 x 5 mm 2 with a pair of Ohmic contacts cen- 
tered along opposite edges were irradiated by mw radia- 
tion at normal incidence. The resulted photocurrent J x 
(x || [110]) was measured via the voltage drop U x across 
a 1 MO load resistor applying lock-in technique. 

Figure [5] shows the magnetic field dependence of the 
photocurrent J x induced in samples A and C. The current 
increases with B y and reverses its sign as the direction of 
By changes (see inset in Fig. [2]). The temperature depen- 
dence of J x for all samples is plotted in Fig. [3] Both fig- 
ures indicate a remarkable difference in the photocurrents 
generated in Mn-dopcd samples A and B and the refer- 
ence sample C. At temperatures above ~60 K the current 
in all three structures has the same sign and nearly the 
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FIG. 2: Magnetic field dependence of the photocurrent nor- 
malized by the radiation power P measured for positive B y . 
The inset shows J X (B)/P for both magnetic field directions. 



same magnitude. The analogy, however, disappears as 
the temperature decreases. In the reference sample C the 
polarity of the signal and its magnetic field behavior re- 
mains unchanged. By contrast, in structures doped with 
Mn a reduction of temperature results in a sign inversion 
of the current at T = Ti nv . The most remarkable be- 
havior is detected in sample A with Ti nv ~ 15 K. In this 
sample below Ti nv the current increases by more than 
one order of magnitude compared to that measured in 
samples B and C at the same temperature. We also ob- 
served that in this sample for T < 8 K the photocurrent 
does not depend linearly on B y anymore, and saturates 
at high magnetic fields (see Fig. [2]). In sample B the in- 
version temperature is substantially lower (Tj n „ ~ 2.5 K) 
and the signal is much smaller than that in sample A. 

All these findings give a strong evidence for enhanced 
magnetic properties of the Mn-doped structures and can 
be well understood in the frame of the recently proposed 
model for the spin-dependent asymmetric energy relax- 
ation of a nonequilibrium 2DEG.^ The inset in Fig. [3] 
sketches the basic physics of this phenomenon. Exci- 
tation of the 2DEG by mw radiation causes electron 
gas heating. In InAs QWs the spin-dependent electron- 
phonon interaction in the energy relaxation results in 
equal and oppositely directed electron fluxes, i±i/2, for 
opposite spin subbands, | ± 1/2 > y . The application of 
the magnetic field B y emerges a Zccman splitting. Thus, 
the electron densities in the subbands become different, 
and the fluxes do not compensate each other yielding a 
net electric current J x . Obviously, the current is spin 
polarized and its value is proportional to the Zeeman 
splitting energy Ez- 

The coupling of the photocurrent sign and magnitude 
to the band spin splitting results in a different behavior 
of J x in sample C and Mn-dopcd samples A and B. In 
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FIG. 3: Temperature dependence of the photocurrent mea- 
sured at By — 1 T. The inset shows the model of the mw- 
radiation induced spin polarized electric currents. Scattering 
matrix elements linear in k and a cause asymmetric scatter- 
ing probabilities sketched by bent arrows of various thickness. 

the non-magnetic structure Ez = g* (J-bB (for bulk InAs 
g* ps —15, see Ref. HTh . Consequently, the current in- 
creases linearly with rising magnetic field and does not 
change its sign upon variation of temperature. For the 
Mn-doped samples a strong temperature dependence of 
the band spin splitting as well as reversing its sign upon 
temperature variation is expected if 2D electrons are cou- 
pled to Mn 2+ ions. These effects are well known for 
2DEG in (Cd,Mn)Te/(Cd,Mg)Te DMS structures where 
the band spin splitting in DMS QWs is given by£ 

E z = gy B B + xS N aB 5/2 ( J^ 9Mn f ) . (1) 

Here k B is the Boltzmann constant, hb the Bohr magne- 
ton, gMn = 2 is Mn <7*-factor, Tmu is the Mn-spin system 
temperature, parameters So and To account for the Mn- 
Mn antiferromagnetic interaction, x is the Mn concen- 
tration, B 5 / 2 (£) is the modified Brillouin function, and 
Nga is the exchange integral. It is seen that the Zeeman 
splitting in DMS structures differs from that in the non- 
magnetic material by the second term which is caused by 
electron exchange interaction with the Mn 2+ ions. Equa- 
tion (JT|) explains well the experimental data for our Mn- 
doped structures. The effect of the exchange interaction 
is most pronounced at low temperatures at which the last 
term in Eq. (|T|) causes the giant Zeeman spin splitting. 



The current is proportional to B 5 / 2 (£)• Following the 
Ez it is drastically enhanced and saturates at high mag- 
netic fields (see Fig. [5]). With the temperature increase, 
the role of the exchange interaction decreases, B 5 / 2 (0 
diminishes, and, for a certain temperature, the intrin- 
sic band spin splitting becomes dominant. Due to the 
opposite signs of g* and Nga the sign of Ez inverses re- 
sulting in the reversion of the photocurrent direction (see 
Fig. [3]) Lower inversion temperature T inv and substan- 
tially smaller magnitude of the current detected in sam- 
ple B in comparison to that of sample A indicate the 
weaker influence of Mn on the magnetic properties of the 
InAs 2DEG channel in this sample. 

Our data unambiguously demonstrate that Mn 2+ ions 
crucially affect the magnetic properties of the InAs 2DEG 
channel. In both magnetic samples the Mn doping is done 
after the InAs QW growth (Fig.[T]) and is separated from 
the QW by rather thick spacer of ZnTe (10 ML), so that 
the InAs channel is expected to be free of manganese^^ 
The latter is also in agreement with the transport data, 
because diffusion of Mn into the InAs channel should 
yield a hole gas rather then 2DEG. Thus, we attribute 
the effect of magnetic ions to the exchange interaction 
caused by the penetration of electronic wave function 
into the barrier The observed weaker magnetic prop- 
erties in sample B comparing to sample A supports this 
mechanism. In both samples we used Mn insertions with 
almost the same number of Mn atoms placed after the 
10 ML spacer for which the magnetic length of 2D elec- 
trons remains larger than the spacer in the whole range 
of magnetic fields used here. The only difference is that 
in sample A the doping with magnetic ions is localized 
in 1 ML and in sample B it is distributed over a larger 
distance of 10 nm. Thus, the electron wave function has 
better overlap with Mn ions in sample A compared to 
sample B resulting in increased exchange interaction and 
more pronounced magnetic properties. 

Summarizing, we show that a structures character- 
ized by a giant Zeeman splitting in n-type InAs QW 
and showing behavior typical for DMS can be obtained 
by growing of III-V/II-Mn-VI coherent "hybrid" het- 
erostructures with the Mn insertion to the II- VI barrier. 
Our measurements demonstrate that enhanced magnetic 
properties are due to penetration of electronic wave func- 
tion into the (Zn,Mn)Te layer and can be controllably 
varied by the position and density of Mn 2+ ions. 
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